Abstract: This study examines the possible impacts of real-world wind farms (WFs) on vegetation growth using two vegetation indices (VIs), the Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI), at a~250 m resolution from the MODerate resolution Imaging Spectroradimeter (MODIS) for the period 2003-2014. We focus on two well-studied large WF regions, one in western Texas and the other in northern Illinois. These two regions differ distinctively in terms of land cover, topography, and background climate, allowing us to examine whether the WF impacts on vegetation, if any, vary due to the differences in atmospheric and boundary conditions. We use three methods (spatial coupling analysis, time series analysis, and seasonal cycle analysis) and consider two groups of pixels, wind farm pixels (WFPs) and non-wind-farm pixels (NWFPs), to quantify and attribute such impacts during the pre-and post-turbine periods. Our results indicate that the WFs have insignificant or no detectible impacts on local vegetation growth. At the pixel level, the VI changes demonstrate a random nature and have no spatial coupling with the WF layout. At the regional level, there is no systematic shift in vegetation greenness between the pre-and post-turbine periods. At interannual and seasonal time scales, there are no confident vegetation changes over WFPs relative to NWFPs. These results remain robust when the pre-and post-turbine periods and NWFPs are defined differently. Most importantly, the majority of the VI changes are within the MODIS data uncertainty, suggesting that the WF impacts on vegetation, if any, cannot be separated confidently from the data uncertainty and noise. Overall, there are some small decreases in vegetation greenness over WF regions, but no convincing observational evidence is found for the impacts of operating WFs on vegetation growth.
Introduction
The Great Plains, home to the USA's wheat and corn production, has the richest onshore wind resources across the nation. The abundance of realized and potential wind resources over this region stimulates discussion on the interactions between wind farms (WFs) and agriculture. While the collocation of WFs with intensively managed agricultural production is possible, it raises the concern of whether the widespread deployment of WFs will affect agricultural activity through their interactions with the atmospheric boundary layer (ABL). For instance, Meyers et al. [1] indicate that the wakes of WFs are known to persist up to 15 rotor diameters downwind of a turbine, and the resulting changes in the microclimate may extend well beyond the small turbine "footprint" (i.e., turbine blades, towers, and access roads). Moreover, Armstrong et al. [2] suggest that WFs can significantly change the local ground-level climate (e.g., soil temperature, carbon cycle, and soil moisture) to a magnitude that could affect the fundamental plant-soil processes that govern regions are quite different, with mostly semi-arid deserts in the mountainous west-central Texas, but agricultural croplands in the flat northern Illinois. These distinct features in climate, land cover, and topography will help examine whether the WF impacts on vegetation, if any, vary due to the differences in atmospheric and surface boundary conditions. The geographic location and operational date for each turbine are obtained from the Federal Aviation Administration Obstruction Evaluation/Airport Airspace Analysis dataset [30] .
Satellite Data
We use the 16-day composite VI data, Normalized Difference Vegetation Index (NDVI), and Enhanced Vegetation Index (EVI), at a~250 m resolution from Collection 6 (C6) MODerate resolution Imaging Spectroradimeter (MODIS) products [31] for the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] . Both NDVI and EVI are direct optical measures of canopy greenness, are highly correlated with plant photosynthesis and chlorophyll content, and have been widely used to quantify vegetation dynamics and their responses to climate change [32] [33] [34] [35] [36] [37] [38] [39] [40] . The MODIS VI data from Terra (MOD13A1) and Aqua (MYD13A1) represent the best quality retrievals at a local solar time of~10:30 and~13:30, respectively. The composite algorithm chooses the best available pixel value from all the acquisitions during each 16-day period and the selection criteria used include low clouds, a low view angle, and the highest VI value. We process the MODIS NDVI and EVI data following the methodology of Zhou et al. [8] [9] [10] to create monthly mean values, as well as their relative anomalies, which helps to minimize the background interannual variability. Readers are encouraged to refer to these papers for full details.
Two seasons are chosen for our analysis. Figure 1 shows the monthly mean NDVI and EVI seasonal cycle averaged over both study regions for the period 2003-2014. Evidently, there is a clear vegetation seasonal cycle in both regions. The first chosen season is from June to August (JJA) as previous studies [8] [9] [10] 12] have identified significant warming effects in JJA over both regions. JJA also coincides with the peak growing period of vegetation for both regions. The second one is the entire growing season excluding the months with the presence of snow cover, which is defined as March to October in Illinois and the entire year in Texas. NDVI behaves similarly to EVI over our study regions. In the following sections, we will primarily show the results of EVI, which has been considered a modified NDVI with an improved sensitivity to high biomass vegetation [37, 40] . The corresponding results for NDVI are provided as supporting information to avoid redundancy.
Meteorological Data
Local hydrometeorology largely influences vegetation growth. Here, we use the precipitation from Automated Surface Observing System (ASOS) stations and the Palmer Drought Severity Index (PDSI) to examine the impacts of climate variations on the regional scale vegetation activity.
The precipitation data set for the period 2003-2014 is obtained from two ASOS stations closest to our targeted WF regions, located in Pontiac, Illinois (PNT) and Sweetwater, Texas (SWW). It is retrieved from the Iowa Environmental Mesonet [41] and provides measurements at five-minute intervals. The measurements are first aggregated into monthly and seasonal means, which are then used to create corresponding anomalies.
The PDSI is devised by Palmer [42] to represent the severity of dry and wet spells over the USA based on the monthly temperature and precipitation data, as well as the soil-water holding capacity at a given location. It is a standardized measure of the surface moisture condition, ranging from −10 (dry) to +10 (wet). We use the monthly gridded (2.5 • × 2.5 • ) global PDSI values (self-calibrated) [43] for the period 2003-2014 to understand the regional climate conditions. Note that only the data from the grid cell closest to our study regions is used.
Detection and Attribution Methods
We first discuss the spatiotemporal variations of NDVI and EVI over both study regions and then describe the methods to attribute and quantify the WF impacts on vegetation growth. However, the precipitation from the ASOS station of PNT does exhibit a statistically significant increasing trend (p < 0.05), which helps to explain the vegetation greening trend. The discrepancy between the PDSI and precipitation anomalies in Illinois is expected because the former is derived using historical precipitation and temperature data on 2.5 • grid cells, whereas the latter represents point measurements. It is well known that precipitation has a much stronger spatial variability than temperature and thus the PNT precipitation can better represent local hydrometeorology. Figure 4 and Figure S1 show the spatial patterns of EVI (NDVI) climatology for the period 2003-2014 during JJA and the growing season over both study regions, respectively. At pixel levels, MODIS VIs exhibit spatial variability that is mostly related to the variations in topography and land cover types [8] [9] [10] Here, we use three methods to detect and attribute the WF impacts on vegetation activity. The first two methods, spatial coupling analysis and time series analysis, are proposed by Zhou et al. [8] [9] [10] and followed by Harris et al. [11] , Slawsky et al. [12] , Xia et al. [13] , Chang et al. [14] , and Tang et al. [27] . These methods have successfully detected WF impacts on the land surface temperature (LST) over different WF regions. It is reasonable to believe that these methods can detect and attribute the WF impact on vegetation, if any exists.
The first method (i.e., spatial coupling analysis) is used to examine the spatial coupling of pixel-level VI changes before and after the WF construction with the geographic layout of WTs. If the operational WFs affect vegetation growth, the observed VI changes should couple spatially with the layout of WTs. We calculate the NDVI and EVI differences between the pre-and post-turbine periods at pixel levels, denoted as DNDVI and DEVI, respectively, and examine their spatial coupling with the WTs. Following Slawsky et al. [12] and Xia et al. [13, 24] Note that both DNDVI and DEVI still contain the high-frequency background signal (i.e., the regional mean interannual variability shown in Figure 2 ), and we subtract this signal from the original anomalies at pixel levels. Therefore, the obtained greenness change represents the relative changes, not the absolute changes [8] [9] [10] . In other words, the resulting increase or decrease in VI represents a relative change to the regional mean.
The second method (i.e., time series analysis) is employed to examine the interannual variations of the areal mean NDVI and EVI differences between wind farm pixels (WFPs) versus non-wind-farm pixels (NWFPs), denoted as ∆NDVI and ∆EVI, respectively, for the period 2003-2014. WFPs contain all the pixels with one or more WTs. Following Zhou et al. [8] and Slawsky et al. [12] , NWFPs are defined as pixels which are within 6-7 km away from the WFPs to minimize the downwind WF wake effects. Figure S2 shows the geographic locations of the defined WFPs and NWFPs over both study regions. In total, there are 342 (2314) WFPs and 531 (3228) NWFPs over the targeted WF region in Illinois (Texas). Note that there are differences in the land surface properties (e.g., elevation and land cover type) between WFPs and NWFPs, but we are comparing the temporal changes in ∆NDVI and ∆EVI, not the absolute values [8] [9] [10] . Additionally, the study region is small and very likely to share a similar climate in WFPs and NWFPs. Thus, ∆NDVI and ∆EVI indirectly remove the high-frequency background VI signal. The third method is used to examine the changes in the seasonal cycle of VIs between the pre-and post-turbine periods and between WFPs and NWFPs. Doing so will help to quantify whether the plant seasonal cycle is modified by WFs. For example, during the peak growing season in JJA when SM is mostly limited due to higher temperatures and lower rainfall [44] , the WT-enhanced vertical mixing may accelerate the SM deficit and thus inhibit vegetation growth due to enhanced ET, while during the vegetation greenup period when SM is adequate, the WT-enhanced vertical mixing may benefit plant growth. Such analysis will reveal whether there are noticeable changes in the plant seasonal cycle and whether the timing of such changes is due to the operating WTs.
For the above three approaches, spatial and temporal averaging is used to smooth out the MODIS data uncertainties and noise at pixel levels and to minimize the background year-to-year VI variability [8] [9] [10] . The WF impact on vegetation, if any, is expected to be small and a low-frequency signal compared to the high-frequency background signals shown in Figures 2 and 3 . Figure 5 and Figure S3 show the spatial patterns of EVI (NDVI) differences between the pre-and post-turbine periods (i.e., DEVI and DNDVI) during JJA and the growing season in Illinois and Texas, respectively. Note that the black dots represent the boundary of the targeted WFs. Overall, there are no coherent changes in DEVI and DNDVI over the WFPs for both study regions in JJA. Positive and negative changes are randomly distributed across WFPs and the entire study region. Using the pre-defined WFPs and NWFPs, Table 1 and Table S1 list the seasonal statistics of the areal mean DEVI (DNDVI) during JJA and the growing season (in parenthesis) in Illinois and Texas, respectively, for the three different definitions of pre-and post-turbine periods. The maximum and minimum DEVI (DNDVI) values in both tables are 0.001 (0.004) and −0.05 (−0.037), respectively. A total of 95% of the values in both tables are very small and are within the MODIS data uncertainties (more discussion in Section 4), suggesting negligible or no WF impacts on vegetation activity. WFPs and NWFPs are defined in Figure S2 ; DEVI is the EVI differences between the pre-and post-turbine periods at pixel levels.
Results

Spatial Coupling Analysis
To more closely examine whether there is any detectible shift in VIs between the pre-and post-turbine periods over WFPs and NWFPs at the pixel level, Figure 6 and Figure S4 show the scatter plots of EVI (NDVI) anomalies between the two periods during JJA and the growing season. Over the study region in Illinois, the VI anomalies are mostly negative in the post-turbine period as compared to those in the pre-turbine period, which agrees with the previous figures ( Figure 5 and Figure S3 ). However, there is no clear separation between WFPs and NWFPs, indicating that this negative shift of VI is more likely associated with the changes in the background climate rather than with the construction of WFs. Over the study region in Texas, the VI anomalies from both WFPs and NWFPs cluster around the center of the plots, indicating no significant VI changes between the pre-and post-turbine periods. Moreover, the changes of VIs from both study regions are mostly insignificant (see more discussion in Section 4). The other two additional pre-and post-turbine periods are also examined and the results remain similar. an impact on VIs, we would expect to see a systematic shift in terms of the box position and its percentiles from WFPs relative to NWFPs. Although the 25th and 75th percentile DEVIs and DNDVIs over WFPs are mostly negative, the box position and its percentiles only differ a little between WFPs and NWFPs. The median DEVI and DNDVI values from both groups of pixels are almost zero, which is similar to the results from Table 1 and Table S1 . Overall, the majority (85%) of WFPs and NWFPs indicate insignificant VI changes (more discussion in Section 4). This implies that the WF impact on local vegetation, if any, is small in magnitude and cannot be confidently detected within WFPs and beyond the WT "footprint". Moreover, the VI changes over both study regions do not differ much, suggesting negligible WF impacts on vegetation under different atmospheric and boundary conditions. These results remain robust for the other two additional pre-and post-turbine periods. 
Time Series Analysis
At pixel levels, MODIS VIs may exhibit large uncertainties and noise due to land heterogeneity and elevation variations. Next, we analyze the areal mean VI changes to minimize the pixel level variations. Figure 8 and Figure S6 show the interannual variations of ∆EVI and ∆NDVI during JJA and the growing season, respectively. If the operating WFs have a positive (negative) effect on vegetation growth, the observed ∆NDVI and ∆EVI should exhibit a systematic positive (negative) shift from the pre-to post-turbine period as the number of operating WTs increases with time. However, the time series of ∆NDVI and ∆EVI exhibit strong interannual variability and no evident shift in the VI values from the pre-to post turbine periods, which is very different from the significant warming trend shown in LST (Zhou et al. [8] [9] [10] ). It is interesting to note that the majority of ∆EVI and ∆NDVI show an apparent decreasing trend during the WT construction period from 2006 to 2010 in Illinois. One may argue that this decrease might be due to the removal of vegetation associated with the turbine "footprint". In general, WTs and their "footprint" only occupy a tiny fraction of land and are thus not expected to cause a noticeable change in VI, as shown in Texas, but the replacement of dense croplands by WTs could decrease the VI values over Illinois. If this was the case, ∆NDVI and ∆EVI would stay at the lowest values during the post-turbine period. However, ∆NDVI and ∆EVI began to recover after 2010, which is inconsistent with the expectation because fewer new WTs were built after 2010. To further confirm whether these features depend on our definition of NWFPs, we redefine NWFPs further away (~5 km) from WFPs and obtain similar results.
The difference in ∆NDVI between these two study regions ( Figure S6 ) is not evident, but the ∆EVI time series exhibit more variability in Illinois than that in Texas (Figure 8) . That is because EVI varies more in magnitude than NDVI in denser vegetation as the latter is saturated. Moreover, EVI has a larger magnitude in Illinois than Texas and thus exhibits stronger variability. It is worth noting that the ∆EVI in Illinois minimizes in 2010 and 2012, coinciding with the large precipitation deficits (Figure 2c) . Moreover, the recovery of ∆EVI after 2010, particularly in Illinois, agrees well with the precipitation increases observed from the PNT station. This potentially suggests that there are still some residual effects of climate influences on VIs in the time series after differencing the time series of WFPs and NWFPs to minimize the high-frequency background signal. This makes it hard to quantify and attribute a WF-induced impact on vegetation growth.
Seasonal Cycle Analysis
The above analyses examine the VI changes during two seasons. However, it is possible that WF-induced vegetation impacts vary month by month in both magnitude and sign, and thus are smoothed out by the multi-month seasonal means. To test this possibility, we compare the areal mean seasonal cycle via the monthly EVI and NDVI averaged over WFPs and NWFPs for the pre- (Figure 9b and Figure S7b ). For example, the decrease in the areal mean EVI (NDVI) from the pre-to post-turbine period reaches up to 0.05 (0.08) in September, whereas such a large decrease is not evident in Illinois. However, this reduction of vegetation activity is more likely associated with the changes in the background climate than the WFs. Note that unlike the spatial coupling and time series analysis, the high-frequency background climate influence on vegetation is not removed here. As shown in Figure 3 , there is a statistically significant drying trend (p < 0.05) in the PDSI anomalies in Texas during the period 2003-2014, which will certainly enhance soil moisture stress and thus inhibit vegetation growth. To test this further, we show the monthly areal mean DEVI (Figure 9c,d ) and DNDVI ( Figure S7c,d) for both WFPs and NWFPs. Evidently, the changes in DEVI and DNDVI are much smaller after removing the high-frequency background VI variability. Overall, the values in DEVI and DNDVI from both groups of pixels are small but have larger decreases in WFPs than NWFPs during the fall season (September to November), particularly in Texas. This may suggest that WFs could inhibit vegetation growth, as least during the period when vegetation is especially vulnerable to SM stress (e.g., drought). However, the majority (95%) of these monthly decreases are within the MODIS data uncertainty, suggesting that the WF impacts on vegetation, if any, cannot be separated from the data uncertainty and noise. Our results remain robust for the other two additional pre-and post-turbine periods. 
Uncertainties in Detection and Attribution
In this study, the MODIS measured VI changes over our study regions are too small in magnitude to be used to detect any noticeable WF impacts. It is estimated that the MODIS-C5 VI data has a measurement uncertainty of 0.02 + 0.02 * VI [45] . Unfortunately, the uncertainties of MODIS-C6 VI data used in the present study are unknown so far. However, similar uncertainties have been reported in the earlier collections of MODIS VI data [46, 47] . Assuming similar uncertainties in the MODIS C5 and C6 VI data, the uncertainty of NDVI (EVI) based on the formula of 0.02 + 0.02 * VI is ±0.034 (±0.03) in JJA and ±0.03 (±0.026) during the growing season in Illinois (Figure 2 ). The corresponding uncertainty is ±0.027 (±0.024) in JJA and ±0.027 (±0.024) during the growing season in Texas. Evidently, among the MODIS measured VI changes over WFPs and NWFPs, >95% of the areal mean (Table 1 and Table S1 ) and >80% of the pixel level changes (Figures 5-9 and Figures S3-S7 ) fall within the MODIS VI uncertainty range, suggesting that the VI changes due to WFs, if any, cannot be separated with confidence from the data uncertainty and noise.
It is possible that the MODIS 250 m resolution VI data might still be too coarse to detect the greenness change over the WFs as much small scale turbulence (<<250 m) caused by the rotation of wind turbines is expected to have pronounced impacts on the environment in the immediate vicinity of wind turbines. In general, turbines occupy only a tiny fraction of the total land area within WFs, allowing substantial inter-turbine spacing to maximize the turbine efficiency in capturing wind and avoiding wake effects [8] [9] [10] . The vegetation removal due to the turbine construction is expected to result in a small decrease in VIs, at least within the immediate turbine "footprint" area and particularly over densely vegetated ecosystems. This effect could be detected and quantified by using high resolution VI images such as Landsat. However, the failure of detecting the WF impacts on vegetation using the MODIS 250 m resolution images suggests that the WF impact on vegetation, if any, is too local to be detected beyond the turbine "footprint" area. Note that we also perform similar analyses by choosing the best quality-controlled MODIS data based on MODIS quality assurance information following the methodology of Zhou et al. [8] , but doing so has negligible effects on our conclusions.
The above detection and attribution approaches have been used successfully in previous studies and proven to be very effective in identifying WFs impacts on LST using MODIS data [8] [9] [10] [11] [12] [13] [14] . It is difficult to believe that these approaches work well for LST but not for VIs using measurements from the same satellites. Similar to the observed WF impacts on LST, the WF impact on vegetation growth, if any, should be a small and low-frequency signal, and the approaches used can help to maximize the low-frequency signal and minimize the background VI variations associated with year-to-year climate variability [8] [9] [10] . However, our methods cannot detect any meaningful VI changes over the two WF regions, probably because WFs have little or no impacts on vegetation growth.
Conclusions
This study examines the possible WF impacts on vegetation growth using MODIS~250 m resolution vegetation indices (NDVI and EVI). We select two WF regions, with one in western Texas and the other in northern Illinois. These two regions differ in terms of land cover, topography, and background climate, allowing us to examine whether the WF impacts on vegetation, if any, vary due to the differences in atmospheric and boundary conditions. We use three methods (spatial coupling analysis, time series analysis, and seasonal cycle analysis) and consider two groups of pixels (WFPs and NWFPs) to quantify and attribute such impacts during the pre-and post-turbine periods. Our results indicate that WFs have insignificant or no detectible impacts on local vegetation greenness. At the pixel level, the VI changes demonstrate a random nature and have no spatial coupling with the WF layout. At the regional level, there is no systematic shift in vegetation greenness between the pre-and post-turbine periods. At interannual and seasonal time scales, there are no confident vegetation changes over WFPs relative to NWFPs. These results remain robust when the pre-and post-turbine periods and NWFPs are defined differently. Overall, there are some small decreases in vegetation greenness over WFPs, but no convincing observational evidence is found for the impacts of operating WFs on vegetation growth.
The present paper finds insignificant or no detectible WF impacts on vegetation growth, while Tang et al. [27] indicate a significant inhibiting effect of a WF in Northern China on vegetation growth in summer. It is worth noting that the background state of EVI in Texas is very similar to the WF regions examined in Tang et al. [27] . Although both studies use similar approaches and similar MODIS images, this inconsistency suggests the need for further investigation over more WFs. We would also like call for more high resolution observations from field campaigns/satellites to improve our understanding of vegetation-WF interactions, which have important societal and economic implications, particularly in the Midwest and Great Plains where the WF growth rate is among the highest in the nation and WFs are often constructed over operating farmlands. 
